The mechanisms underlying the subcellular localization of neurotrophins and their receptors are poorly understood. We show that in cultured hippocampal neurons, the mRNAs for BDNF and TrkB have a somatodendritic localization, and we quantify the extent of their dendritic mRNA localization. In the dendrites the labeling covers on average the proximal 30% of the total dendritic length. On high potassium depolarization, the labeling of BDNF and TrkB mRNA extends on average to 68% of the dendritic length. This increase does not depend on new RNA synthesis, is inhibited by the Na ϩ channel blocker tetrodotoxin, and involves the activation of glutamate receptors. Extracellular Ca 2ϩ , partly flowing through L-type Ca 2ϩ channels, is absolutely required for this process to occur. At the protein level, a brief stimulation of hippocampal neurons with 10 mM KCl leads to a marked increase of BDNF and TrkB immunofluorescence density in the distal portion of dendrites, which also occurs, even if at lower levels, when transport is inhibited by nocodazole. The protein synthesis inhibitor cycloheximide abolishes this increase. The activity-dependent modulation of mRNA targeting and protein accumulation in the dendrites may provide a mechanism for achieving a selective local regulation of the activity of neurotrophins and their receptors, close to their sites of action.
The neurotrophin BDN F (Leibrock et al., 1989; Barde, 1990) has been involved in modulating synaptic plasticity (Thoenen, 1995; Bonhoeffer, 1996) . In particular, BDN F can increase synaptic transmission (L ohof et al., 1993; Knipper et al., 1994a,b; Leß-mann et al., 1994; Kang and Schumann, 1995; Levine et al., 1995; Carmignoto et al., 1997) and has been implicated in hippocampal LTP (Korte et al., 1995 (Korte et al., , 1996 Patterson et al., 1996) . Furthermore, BDN F enhances synaptic transmission in the rat hippocampus requiring local dendritic synthesis of proteins whose identity was not determined (Kang and Schumann, 1996) . BDN F and its receptor TrkB are stored in the dendrites (Wetmore et al., 1994; Dugich-Djordjevic et al., 1995; Cabelli et al., 1996; C ellerino et al., 1996; Goodman et al., 1996) , but the mechanisms of targeting of these two proteins are largely unknown.
The specific sorting of mRNAs is a possible mechanism to localize proteins to the dendrites (Steward, 1994 (Steward, , 1997 Johnston, 1995) . An increasing number of dendritic mRNAs have been identified, including those encoding M AP2, ARC/arg 3.1, ␣-CaM K inase II ␣-subunit, I P3-receptor, NMDAR1 subunit, glycine receptor ␣-subunit, vasopressin, and dendrin (Garner et al., 1988; Burgin et al., 1990; Furuichi et al., 1993; Link et al., 1995; Lyford et al., 1995; Gazzaley et al., 1997; Herb et al., 1997; Prakash et al., 1997; Racca et al., 1997) . Recent studies demonstrated the existence of a protein synthesis machinery in dendrites, including ribosomes, tRNA, translation factors (Steward and Levy, 1982; Tiedge and Brosius, 1996) , endoplasmic reticulum, and Golgi-like apparatus (Torre and Steward, 1996; Spacek and Harris, 1997) . Moreover, the local protein synthesis in fully developed dendrites (Torre and Steward, 1992) and in isolated growth cones (Crino and Eberwine, 1996) has been demonstrated unequivocally.
TrkB and BDN F mRNAs have been amplified from dendritic growth cones (Crino and Eberwine, 1996) ; however, the localization of these two mRNAs in the dendrites of mature neurons is controversial. Most studies did not describe a BDN F mRNA dendritic localization (Ernfors et al., , 1992 Isackson et al., 1991; Kokaia et al., 1993; Miranda et al., 1993; Ringstedt et al., 1993; Tinmusk et al., 1993; C astrén et al., 1995; Lauterborn et al., 1996; Conner et al., 1997) , whereas a few others were suggestive of a very proximal dendritic localization (Wetmore et al., , 1994 Dugich-Djordjevich et al., 1992; Schmidt-Kastner et al., 1996a,b) . Recently, the localization of TrkB mRNA in the dendritic compartment of retinal neurons at the end of their development was shown (Ugolini et al., 1995) . However, other studies did not report a similar localization (Ringstedt et al., 1993; Schmidt-Kastner et al., 1996a,b) .
In view of the role of BDNF and TrkB in synaptic plasticity (Thoenen, 1995; Bonhoeffer, 1996) , the clarification of this issue is crucial. This study demonstrates that BDNF and TrkB mRNAs are localized in the dendrites of hippocampal neurons in culture, that depolarization extends these mRNAs to the distal dendrites, and that a brief depolarization after blockade of dendritic trans-mRNA (Middlemas et al., 1991) . The BDN F oligonucleotide probe was complementary to the nucleotides 649 -694 of the coding region of the rat BDN F mRNA sequence (Maisonpierre et al., 1991) . Both oligonucleotide sequences have been used in previous studies for in situ hybridization (Ernfors et al., , 1992 Merlio et al., 1993) . To avoid any risk of unspecific hybridization caused by the labeled tail, only a single digoxigenin-labeled ddUTP was added with a terminal transferase at the 3Ј end of the oligonucleotides by means of a DIG-oligonucleotide 3Ј-end labeling kit (Boehringer Mannheim), according to manufacturer's instructions.
In situ hybridization on cultured hippocampal neurons. For in situ hybridization with riboprobes, cells were fixed for 10 min at room temperature in 4% paraformaldehyde in PBS, washed in PBS, and permeabilized in ethanol for 15 min at Ϫ20°C. After rehydration with decreasing ethanol concentrations in PBS at rt, cells were prehybridized at 55°C for 90 min in the hybridization mix containing 20 mM Tris/HCl, pH 7.5, 1 mM EDTA, 1ϫ Denhardt's solution, 300 mM NaC l, 100 mM dithiothreitol, 0.5 mg /ml salmon sperm DNA, 0.5 mg /ml polyadenylic acid, and 50% formamide. In situ hybridization was performed overnight at 55°C in the hybridization mix to which 10% dextrane sulfate and the riboprobes (50 -100 ng /ml) were added. High-stringency washes were performed in 0.1% SSC /0.1% T ween-20 at 60°C. C ells hybridized with digoxigenin-labeled riboprobes were incubated overnight at 4°C with anti-DIG Fab fragments coupled to alkaline phosphatase (Boehringer Mannheim), diluted 1:500 in 10% fetal calf serum in PBS ϩ 0.1% T ween 20 (PBST). After a thorough wash in PBST, cells were reacted with 4-nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate in 100 mM Tris/ HC l, pH 9.5, 50 mM MgC l 2 , 100 mM NaC l, and 1 mM Levamisol. Alkaline phosphatase development was performed for 16 hr at 4°C to obtain reproducible results and to avoid saturation of the reaction (Augood et al., 1991) . In situ hybridization with digoxigeninlabeled oligonucleotides was performed essentially as described above, but the hybridization temperature and washing conditions were modified. Briefly, hybridization was performed for 24 hr at 42°C, and then cells were washed 15 min with 2ϫ SSC at room temperature and 15 min in 0.2ϫ SSC at 37°C. Anti-Dig antibody incubation and staining development were performed as described above.
Antibody staining of cultured hippocampal neurons. Double staining of cultured hippocampal neurons was performed with the same in situ hybridization procedure described above, followed by anti-M AP2 immunostaining. C ells were coincubated overnight at 4°C with the anti-M AP2 monoclonal antibodies (Boehringer Mannheim) diluted 1:2000 and the anti DIG-alkaline phosphatase-coupled Fab fragments (Boehringer Mannheim) diluted 1:500 in 10% fetal calf serum in PBST. After washes in PBST, cells were incubated 1 hr at rt with biotinylated anti-mouse IgG antibodies (Vector, Burlingame, CA) diluted 1:100 in 10% fetal calf serum in PBST. Subsequently, cells were washed in PBST and reacted with 4-nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate in 100 mM Tris/ HC l, pH 9.5, 50 mM MgC l 2 , 100 mM NaC l, and 1 mM Levamisol overnight at 4°C. Finally, cells were incubated 20 min at rt in streptavidin -FI TC (Sigma) diluted 1:500 in 10 mM H EPES, pH 8.2, 150 mM NaC l buffer, washed in PBS twice, and mounted in Vectashield (Vector). Fluorescence was analyzed with a fluorescein filter under dark field, on a Z eiss Axiophot microscope.
Immunohistochemistry on cultured hippocampal neurons was preceded by the same fixation and permeabilization steps used for in situ hybridization described above. Fixed and permeabilized cells were preincubated for 30 min at rt in 3% BSA in PBS, incubated 3 hr at rt with an antibody recognizing the TrkB f ull length isoform (Santa Cruz Ab794, made in rabbit, diluted 1:100 in 3% BSA in PBS), or anti-BDN F [(Promega, Madison, W I) made in chicken, diluted 1:100 in 3% BSA in PBS]. After they were washed in PBS, cells were incubated for 1 hr at rt with biotinylated anti-rabbit IgG antibody (Vector) or biotinylated antichicken IgG antibody (Promega) diluted 1:200 in 3% BSA in PBS, then washed in PBS, incubated in streptavidin -FI TC as described above, and mounted in Vectashield (Vector).
Quantitative imag ing anal ysis and statistics. Nonradioactive in situ hybridization was analyzed by viewing stained cultures under bright-field illumination with an Olympus microscope with DIC (Differential Interference Contrast) equipped lens (40ϫ magnification). Stained neurons were acquired with a Hitachi CCD camera and digitized with the image analysis program Imageplus (Microsoft). The f unction "Trace" was used to measure, starting from the base of the dendrites, the maximal distance of dendritic labeling (MDDL). Dendrites were traced, in a conservative manner, up to the point at which the in situ labeling was clearly distin-guishable from the background. The background level obtained in sister cell cultures hybridized with the sense probes was used as a reference to distinguish the actual labeling obtained with the antisense probes from the background. The number of dendrites measured is indicated in Table  1 . The individual preparations were coded and analyzed in a blind manner. The data of the MDDL were normalized by dividing each single measurement obtained in the different experimental conditions by the mean of the controls, and they were statistically analyzed with unpaired Student's t tests.
Fluorescent immunocytochemistry was analyzed by confocal microscopy with a Molecular Dynamics MultiProbe 2001 (Sunny vale, CA) confocal device mounted on a Nikon microscope. The individual preparations were coded and analyzed in a blind manner. Individual neurons whose entire dendritic domains were distinguishable from those of neighboring neurons were selected. For each neuron, five optical sections 0.7 m thick were acquired and then were integrated in a single projection with the f unction "look-through" to ensure the visualization of the entire width of the dendrites on the z axis. This function gives the same results as the f unction "maximum intensity" used in similar studies (Blöchl and Thoenen, 1996) , but is more conservative because it is less sensitive to background. Quantification of the fluorescence intensity and area measurements was performed by using the program "Area" of the Molecular Dynamics software package. Dendrites, longer than 100 m, were subdivided into two segments and contoured manually. The proximal segment included the region up to 30 m from the base of the dendrites. The distal segment comprised the distal region of the dendrites extending from 30 to 90 m from the base of the dendrites. The sum of the total pixel intensities for each segment was divided by the area of the segment measured (fluorescence density). The data of the fluorescence density were normalized by dividing each single measurement by the mean of controls and were statistically analyzed with unpaired Student's t tests.
Differential e xtraction of tubulin. Soluble and polymerized tubulin was extracted from control cell cultures or treated for 6 hr with 1 g /ml nocodazole, essentially as described (Fasulo et al., 1996) . Briefly, soluble proteins were extracted in microtubule stabilizing buffer M1 (80 mM PI PES, 1 mM MgC l 2 , 2 mM EGTA, 2 M glycerol, 1 mM GTP, 0.1 mM PMSF, pH 6.9) for 12 min at 37°C. Thereafter, the same cells were extracted under microtubule depolymerizing conditions in ice-cold M2 buffer (80 mM PI PES, 1 mM MgC l 2 , 5 mM CaCl 2 , 2 M glycerol, 0.1 mM PMSF, pH 6.9) for 5 min. C ell extracts M1 and M2 were analyzed by SDS-PAGE and Western blotting with the monoclonal anti-tubulin antibody YOL1 (K ilmartin et al., 1982) diluted 1:2000. Bands were scanned with an APPL E scanner and quantified by the National Institutes of Health-Image software.
RESULTS

BDNF and TrkB mRNAs are localized in the dendrites
The subcellular localization of the mRNA for BDNF and TrkB was studied by nonradioactive in situ hybridization in rat hippocampal neurons in culture. An increasing number of laboratories have published studies using nonradioactive probes for the analysis of the subcellular localization of the mRNAs (Ainger, 1993; Hannan et al., 1995; Bian et al., 1996; Knowles et al., 1996) . This technique, although comparably or only slightly less sensitive than radioactive in situ hybridization with 35 S-labeled probes, allows a better spatial resolution because the morphology of the cell processes is more clearly distinguishable (for review, see Emson, 1993) .
Almost all of the neurons in the culture are labeled with the BDNF and the TrkB riboprobes, with a prominent staining of the cell body and proximal dendrites (Figs. 1 A, 2B for BDNF; 1 E, 3A for TrkB). Interestingly, several cells show a strong labeling corresponding to branching points, and a subpopulation of 3% of the cells exhibit labeling corresponding to dendritic varicosities ( Fig. 1 A,D,H, arrowheads) . In double-labeling experiments, dendritic processes were identified with a monoclonal antibody against the microtubule-associated protein MAP2, a specific marker for the dendritic compartment (Caceres et al., 1984) . These experiments demonstrate that the processes labeled by the BDNF and TrkB probes are dendrites ( Fig. 1 B,F ) . Axons, identified as cellular processes negative for MAP2, are never found to be stained with the BDN F or the TrkB probes. Neither cell bodies nor processes are stained with corresponding sense riboprobes ( Fig. 1C for BDN F ; G for TrkB). The specificity of the dendritic staining observed in hippocampal cultures was independently confirmed by using digoxigenin-labeled oligonucleotide probes, complementary to mRNA sequences nonoverlapping with those recognized by the riboprobes (Fig. 1 D for BDN F ; H for TrkB). These oligonucleotides were designed in accordance with previous studies (Ernfors et al., , 1992 Merlio et al., 1993) and were specific for the f ull length isoform of TrkB and for the exon 5 of BDN F, respectively (see Materials and Methods). Thus, under our experimental conditions, the mRNA for BDNF and TrkB can be detected unequivocally in the proximal portion of dendrites in cultured rat hippocampal neurons.
KCl depolarization extends BDNF and TrkB mRNA dendritic labeling
BDN F mRNA expression is upregulated by physiological stimuli (Castrén et al., 1992) and by stimuli leading to hippocampal long-term potentiation (Patterson et al., 1992; C astrén et al., 1993; Dragunow et al., 1993; Lindholm et al., 1994) . Moreover, kainic acid-or pilocarpine-induced seizures lead to an upregulation of the mRNAs for both BDN F and its receptor TrkB (Dugich-Djordjevich et al., 1992; Kokaia et al., 1993; Merlio et al., 1993; Wetmore et al., 1994; Schmidt-Kastner et al., 1996a ; for review, see Lindvall et al., 1994) . To investigate whether depolarization would also influence the localization of BDNF and TrkB mRNAs within the cells, cultures were gently depolarized by increasing the extracellular KC l concentration from 3.5 mM to either 10 or 20 mM. The electrical activity of the cultures was verified electrophysiologically, by measuring the membrane potential of pyramidal neurons under current clamp in a whole-cell patch-clamp configuration (Fig. 2 A) . The resting potential in control conditions is Ϫ65 mV. In 10 mM KC l, the membrane potential is shifted to Ϫ55 mV, and an intense activity of action potentials, persisting throughout the recording time, is elicited in the cells (Fig. 2 A, top) . At 20 mM KC l, the membrane potential further depolarized to Ϫ13 mV ( Fig. 2 A, bottom) . The onset of depolarization was initially associated with an increase in spike frequency, after which action potentials disappeared, most likely because of inactivation of voltage-dependent Na ϩ channels. The depolarization of hippocampal cells with KCl affects the subcellular localization of both BDN F and TrkB mRNAs. The in situ staining for BDN F mRNA is found at much greater distances from the cell body than in control cells after a 3 hr incubation with 10 mM KC l (compare Fig. 2 , B, control, and C, D, and E, 10 mM KC l) and 20 mM KC l (not shown). The increase in the dendritic localization of BDN F mRNA was observed in cells of different morphologies (compare Fig. 2 , C and D). The mRNA for BDN F is found in both large and thin caliber dendrites (Fig. 2 E) . In the majority of the dendrites, regardless of their caliber, the staining appears to be discontinuous, in the form of granules localized, in some cases, to varicosities ( Fig. 2 B 
,E, large arrows).
These granules may correspond to the RNA-containing granules described in living neurons (Knowles et al., 1996) . It is undetermined at present whether the absence of staining in some dendritic regions reflects a concentration of mRNA below the sensitivity threshold of the method or is caused by an absence of mRNA in these regions.
Similar results were obtained with hippocampal cultures labeled with the probe for the f ull length isoform of TrkB. Control cells show labeling of the cell body and of proximal dendrites (Fig. 3A) . Similar to what is observed for BDNF, a strong increase is also observed for TrkB in the extent of mRNA dendritic staining on depolarization for 3 hr in 10 mM KCl (compare Fig.  3 , A and B) and 20 mM KCl (not shown). In Figure 3B , one of the two neurons shown displays TrkB mRNA labeling in the distal regions of the dendrites, whereas the other does not. These experiments demonstrate that neuronal depolarization is able to increase the extent of dendritic localization of both BDNF and TrkB mRNAs.
To determine whether the effect of KCl reflects an overall change in the subcellular distribution of the mRNAs, rather than a specific effect on the BDNF and TrkB mRNAs, we examined the distribution of the ␤-actin mRNA, which in hippocampal neurons is almost exclusively localized to the cell soma (Kleiman et al., 1990 (Kleiman et al., , 1994 , with the exception of occasional labeling of proximal dendrites (Knowles et al., 1996) . In control conditions, the subcellular localization of the ␤-actin mRNA is restricted to the cell body (Fig. 3C ). Incubation for 3 hr in depolarizing medium leads to a slight increase in the labeling intensity of the soma but does not lead to the appearance of stained dendrites in the culture (Fig. 3D ). In agreement with the findings of Knowles et al. (1996) , some proximal dendrites occasionally display a weak labeling, both in control and in depolarized cultures (not shown). Thus, in contrast to BDNF and TrkB, no difference in the subcellular localization of ␤-actin mRNA was induced by KCl depolarization. Similar results were obtained when the subcellular distribution of the mRNA for the TrkA neurotrophin receptor was analyzed. At variance with the TrkB mRNA, only a subpopulation of the cultured hippocampal neurons expresses the TrkA mRNA. In control conditions, the TrkA mRNA is localized exclusively in the cell soma, extending only to the very proximal portion of the dendrites, in some cells. Depolarization for 3 hr in 10 mM KCl does not change this: the mRNA remain restricted to the cell soma (not shown) (our unpublished results). These results demonstrate that during the KCl depolarization, the increase in dendritic localization observed for BDNF and TrkB mRNAs does not reflect a generalized subcellular rearrangement of the mRNAs.
After this first qualitative evaluation, a quantitative statistical analysis was performed. The maximum distance from the cell body at which labeled BDNF and TrkB mRNA could be detected in individual dendrites (MDDL) was determined. An example of this procedure is marked by the small arrows in Figure 2 B,C. For these measurements, cells with a well identified dendritic tree were randomly chosen within the cell population. In control cultures, the average MDDL for BDNF mRNA is 31.5 m (Table  1) . Incubation with 10 mM or 20 mM KCl for 3 hr leads to a 1.75-and 1.47-fold increase of the MDDL, respectively (Fig. 4 A, Table  1 ). After shorter incubation times in 10 or 20 mM KCl (30 min), no significant variation could be observed. The quantitative analysis also confirmed that incubation for 3 hr in depolarizing media leads to a great increase of the extent of TrkB mRNA dendritic labeling (Fig. 4 B) . In control cultures the average MDDL for TrkB mRNA was 24.5 m (Table 1) . After 3 hr stimulation in 10 or 20 mM KCl the MDDL increases by approximately twofold (Fig. 4 B, Table 1 ). At variance with BDNF, incubation in high potassium for shorter times (30 min) leads to a small but statistically significant ( p Յ 0.00001) increase of MDDL for TrkB mRNA: 1.42-fold and 1.37-fold for 10 or 20 mM KCl, respectively (Fig. 4 B, Table 1 ). Thus, the subcellular localization of BDNF and TrkB mRNAs is differentially regulated by KCl.
The previous results represent the average MDDL calculated on the total population of dendrites, including dendrites with very different length. To put the extent of the dendritic labeling into relationship with the length of the dendrites analyzed, each individual MDDL measurement was plotted as a f unction of the length of the corresponding dendrite. For this set of measurements we selected the most isolated cells in the culture, in which individual processes could be followed for their entire length. The results of the correlation plots for BDN F and TrkB are reported in Figure 4C -F. In control conditions, the correlation between the MDDL and the length of the dendrites is 0.57 for BDNF and 0.31 for TrkB. The regression lines have slopes of 0.30 and 0.26 for BDNF and TrkB, respectively. This slope corresponds to the actual average value of dendritic "filling" with BDNF and TrkB mRNA, ϳ30 and 26% of the entire dendritic length, respectively. Depolarization of the cultures with 10 mM KCl for 3 hr induces an increase in the slope as well as in the correlation coefficient of the regression lines, for both BDNF (slope ϭ 0.68; r ϭ 0.80) and TrkB (slope ϭ 0.67; r ϭ 0.72). On average, BDN F and TrkB mRNAs label 68 and 67% of the total dendritic length, respectively. It is worth noting here that under depolarizing conditions several dendrites are stained for 100% of their length (Fig. 4 D,F ) . In general, under depolarizing conditions staining extends to secondary and tertiary branchings, especially of large-caliber dendrites, but similar to M AP2 mRNA, was rarely seen in the very fine, distal dendritic processes (Kleiman et al., 1990) . Thus, under depolarizing conditions, the mRNAs for both BDN F and TrkB occupy a much greater proportion of the total dendritic length than in control conditions, with several dendrites being labeled throughout their total length.
The effects of KCl depolarization do not depend on new mRNA synthesis
Previous studies have shown that depolarization of hippocampal neurons in culture with high potassium concentrations (50 mM) results in an increase of the total amount of BDN F mRNA that peaks after 6 hr (Z afra et al., 1990, 1992) . To determine whether the increase of MDDL was secondary to an increase in mRNA levels, cultures were depolarized in the presence of 5 g/ml of actinomycin-D to inhibit the synthesis of mRNA. At a qualitative level, treatment of unstimulated cultures for 3.5 hr with actinomycin-D results in only a small reduction of the staining intensity for both BDNF and TrkB mRNAs with respect to normal untreated cultures (Fig. 5A,C) , showing that the mRNAs for BDNF and TrkB do not turn over significantly during the time of the experiment. The quantitative analysis shows that the extent of MDDL in these conditions is also reduced, being 0.75-and 0.77-fold with respect to the controls for BDNF and TrkB mRNAs, respectively (Fig. 5E ). However, when cells pretreated with actinomycin-D for 30 min are depolarized in 10 mM KCl for 3 hr in the continuous presence of actinomycin-D, the staining for both the BDNF and TrkB mRNAs extends for a greater distance than in the controls (Fig. 5B,D) . The statistical analysis confirmed this result to be highly significant (BDNF ϭ 1.48-fold; TrkB ϭ 1.45-fold; p Յ 0.00001) (Fig. 5E ). These results show that the increase in the extension of the dendritic localization for the BDNF and TrkB mRNAs does not require the ongoing synthesis of new mRNA.
Role of Ca 2؉ in the activity-dependent increase of dendritic localization of BDNF and TrkB mRNAs
Ca 2ϩ is a fundamental second messenger through which electrical activity can influence intracellular processes. To study the Ca 2ϩ dependence of the activity-dependent targeting of BDNF and TrkB mRNAs, cells were incubated with 10 mM KCl in Ca 2ϩ -free medium supplemented with EGTA to block the external C a 2ϩ or with BAP TA-AM to block the internal Ca 2ϩ . In these C a 2ϩ -free conditions, the general levels of staining are much reduced in comparison with control cultures, and several neurons appeared flattened and partially swollen (not shown). Measurement of the MDDL in neurons having a normal morphology shows that on depolarization with 10 mM KCl for 3 hr, the MDDL for BDN F mRNA (Fig. 6 A) or for TrkB mRNA (Fig.  6 B) does not change with respect to controls. Interestingly, no statistically significant difference can be observed when either EGTA or BAP TA-AM are used. These results demonstrate that extracellular Ca 2ϩ is absolutely required for the KCl-induced increase in the dendritic targeting of BDNF and TrkB mRNA.
TTX, kinurenic acid, and nifedipine counteract the KClinduced increase in dendritic localization of BDNF and TrkB mRNA
To further characterize the activity-dependent increase in MDDL for the BDNF and TrkB mRNAs, the Na ϩ channel blocker TTX was used. Depolarization with 10 mM KCl in the presence of 0.5 M TTX for 3 hr results in a strong inhibition of the KCl-induced increase of MDDL, for both BDNF (81% inhibition) and TrkB mRNA (75% inhibition) (Fig. 7A,C , Table  1 ). These results indicate that the increase in the dendritic localization of BDNF and TrkB mRNAs observed in 10 mM KCl requires Na ϩ -dependent action potentials to occur. Table 1 .
Hippocampal neurons express glutamate receptors of the NMDA and AM PA types. To ascertain the contribution of glutamatergic synaptic transmission to the KC l-induced increase in dendritic localization of BDN F and TrkB mRNA, kinurenic acid (1 mM), which blocks both NMDA and AM PA glutamate receptors, was added to cell cultures. The addition of kinurenic acid to either the 10 or 20 mM KC l medium partially counteracts the increase in MDDL for BDN F mRNA: the resulting MDDL increase is 1.32-fold (57% inhibition) for 10 mM KCl and 1.26-fold (55% inhibition) for 20 mM KC l (Fig. 7A, Table 1 ). In contrast, for TrkB mRNA, the inhibitory effect of kinurenic acid is more effective at 10 mM KC l, resulting in an MDDL increase of only 1.23-fold (80% inhibition), whereas at 20 mM KCl it has an effect similar to that observed for BDN F mRNA (1.48-fold increase; 53% inhibition) (Fig. 7C, Table 1 ). Thus, glutamatergic synaptic transmission is involved in the KC l-induced increase in MDDL at the two tested concentrations in a similar way for the BDN F mRNA, and the TrkB mRNA is more relevant at 10 than at 20 mM KC l.
Glutamate receptors of the NMDA type are known to be important for the C a 2ϩ influx in the neurons during synaptic activity. Another important C a 2ϩ entry route is represented by the voltage-sensitive C a 2ϩ channels, in particular those of the L-type. To test the contribution of these channels to the regulation of mRNA targeting, nifedipine (1 M), a specific blocker of the L -type voltage-dependent C a 2ϩ channel, was used. When nifedipine is added to the 10 mM KC l medium, the MDDL increase is 1.38-fold for BDN F mRNA (50% inhibition) (Fig. 7B,  Table 1 ) and 1.67-fold (58% inhibition) (Fig. 7D, Table 1 ) for TrkB mRNA. In contrast, the MDDL increase observed in 20 mM KCl for both mRNAs is almost completely abolished by nifedipine (96% and 83% inhibition for BDNF and TrkB, respectively) (Fig. 7B,D, Table 1 ). Taken together, these data suggest that the MDDL increase of BDNF and TrkB mRNAs observed in 20 mM KCl is almost totally dependent on Ca 2ϩ entry through the L-type voltage-sensitive Ca 2ϩ channels, whereas in 10 mM KCl the MDDL increase appears to depend only partially on the activation of these channels.
Dendritic TrkB and BDNF immunoreactivity is rapidly increased by electrical activity
The finding that the dendritic targeting of TrkB and BDNF mRNA is increased in hippocampal cultured neurons after KCl k inu) . B, The L-type Ca 2ϩ channel blocker nifedipine has distinct effects at different KC l concentrations, with a partial inhibition at 10 mM KCl (3h K nife) and an almost complete inhibition at 20 mM KCl (3h KK nife). C, TTX strongly inhibits the MDDL increase for TrkB mRNA in 10 mM KCl (3h K TTX ). The glutamate receptor antagonist kinurenic acid reduced the 10 mM KC l depolarization effects (3h K k inu) more effectively than at 20 mM KC l (3h K K k inu). D, In contrast, nifedipine almost completely abolishes the effects induced by 20 mM KC l (3h K K nife) and only partially inhibits those induced by 10 mM KC l depolarization (3h K nife). Error bars represent SE. E, Significantly different with respect to the 3 h K-stimulated; छ, significantly different with respect to the 3 h KK stimulated; *, significantly different with respect to the control (no stimulation). Also see Table 1. stimulation leads naturally to the question of whether the dendritic content of the corresponding proteins also would be subjected to modulation by electrical activity. To answer this question, the distribution of the BDN F and TrkB proteins in hippocampal cells was studied by immunofluorescence and confocal microscopy analysis with anti-BDN F and anti-TrkB antibodies, in control cultures and in cultures treated for 10 min with 10 mM KC l. For these experiments we used antibodies that were shown in previous studies to detect BDN F (Goodman et al., 1996) and TrkB (C ellerino et al., 1996) in the somatodendritic compartment of neurons. In control cultures, BDN F immunoreactivity appears to be concentrated mainly in small spots distributed along the dendrites, with a prominent localization to the proximal dendrites and the cell soma (Fig. 8 A) . When cells were depolarized for 10 min with 10 mM KC l, larger and brighter spots could be observed in the distal dendrites, whereas the cell soma appeared to be stained similarly to controls (Fig. 8 B) . TrkB immunoreactivity in control conditions appears to be distributed more evenly along the whole cell (Fig. 8 D) . After incubation in 10 mM KC l for 10 min, a strong increase in the TrkB immunoreactivity, restricted to the dendrites, is observed, whereas the cell soma staining remains similar to that of controls (Fig. 8 E) .
A quantification of these results was performed with confocal microscopy by measuring the immunofluorescence signal within the dendrites. For these measurements only the principal dendrites of the cells (i.e., Ͼ100 m in length) were chosen. The immunofluorescence signal was integrated over five different confocal sections taken across the entire width of the dendrites. The integrated images of the dendrites were longitudinally subdivided into two regions, which were contoured manually: a proximal region (from the base of the dendrite up to 30 m from the cell soma) and a distal region (from 30 m up to 90 m from the cell soma). In control conditions, the majority of dendrites Ͼ100 m in length contained BDNF and TrkB mRNAs in both the proximal and distal regions described above (Fig. 4C,E) . The fluorescence density (see Materials and Methods) over the proximal and distal regions was quantified under different experimental conditions. The 10 mM KCl depolarization induces in the proximal region a 1.30-fold increase of the BDNF fluorescence density and a stronger increase of 1.78-fold in the distal region (Fig. 9A) . Also for TrkB, after 10 min in 10 mM KCl an increase in fluorescence density in the distal dendrites is found (1.75-fold), whereas no significant variation is found in the proximal region (Fig. 9C ). These experiments demonstrate that electrical activity affects BDNF and TrkB protein levels by rapidly increasing their amount in the dendrites. 
The activity-dependent increase in dendritic BDNF and TrkB immunoreactivity requires protein synthesis
To determine whether new protein synthesis is involved in the KC l-induced increase of BDN F and TrkB dendritic immunostaining, cultures were preincubated for 30 min with the protein synthesis inhibitor cycloheximide, before the depolarizing stimulus. Cultures were then incubated for 10 min either in 10 mM KC l or in control medium, in the continuous presence of cycloheximide. In unstimulated cultures, cycloheximide does not change the basal levels of fluorescence density of BDNF or TrkB, with respect to those of control conditions; the only exception is a slight decrease of TrkB in the proximal dendrites (Fig. 9A,C) . This shows that under basal conditions the half-life of the BDNF and TrkB proteins, in all compartments for BDN F and at least in the distal dendrites for TrkB, is Ͼ40 min. In KCl-stimulated cultures, cycloheximide completely prevents the increase in BDNF and TrkB immunoreactivity in the distal dendritic compartment (Fig. 9A,C) . For BDNF, the cycloheximide treatment also fully inhibits the increase found in the proximal region. Taken together, these results demonstrate that the electrical activity-dependent increase in BDNF and TrkB immunostaining observed in distal and proximal dendrites requires new protein synthesis.
The activity-dependent increase in dendritic BDNF and TrkB immunoreactivity occurs also under dendritic transport blockade
The kinetics of fast protein transport in dendrites (Kiss et al., 1977; Feig and Lipton, 1993) would allow, in principle, proteins newly synthesized in the perikaryon to be transported into the ) . B, After pretreatment of cells with nocodazole for 6 hr the levels of BDN F fluorescence density in the proximal dendrites depolarized for 10 min with 10 mM KC l in the continuous presence of nocodazole (10ЈK ϩ Noco) were comparable to control (C ϩ Noco), whereas a significant fluorescence density increase could be detected in the distal dendrites (10ЈK ϩ Noco). C, Incubation of cells in 10 mM KC l for 10 min led to a strong increase of fluorescence density for TrkB in the distal region (10ЈK ) but not in the proximal region, and this effect was abolished by cycloheximide (10ЈK ϩ Cyclo). Incubation of control cells with cycloheximide reduces the basal levels of TrkB fluorescence density in the proximal but not in the distal regions (C ϩ Cyclo). D, After pretreatment of cells with nocodazole for 6 hr, followed by a depolarization for 10 min with 10 mM KCl in continuous presence of nocodazole, the TrkB fluorescence density in the proximal dendrites (10ЈK ϩ Noco) was comparable to the controls (C ϩ Noco), whereas a fluorescence density increase could be detected in the distal dendrites (10ЈK ϩ Noco). Significance with respect to controls: o p Յ 0.05; *p Յ 0.01; **p Յ 0.001. E, Western blot for the soluble and microtubule cellular pools of tubulin in hippocampal neurons in culture. M1, Soluble tubulin fraction; M2, polymerized tubulin fraction. After 6 hr incubation with nocodazole, the soluble, unpolymerized tubulin fraction is doubled. distal dendrites during the 10 min depolarization, leading to their accumulation.
To ascertain whether the immunofluorescence increase observed in the distal dendrites would reflect an accumulation caused by transport of newly synthesized BDN F and TrkB protein from the perikaryon, cells were depolarized in the presence of nocodazole (1 g/ml), which inhibits the protein transport in dendrites, by affecting the amount of polymerized tubulin (Dotti and Banker, 1991; C id-Arregui et al., 1995) . In control experiments, to confirm the effectiveness of the nocodazole treatment, cells were preincubated with the drug for 6 hr. Thereafter, differential extractions of soluble and microtubule fractions were performed, and the relative amount of tubulin in the polymerized and unpolymerized fractions was quantified by optical scanning of the Western blot stained with anti-tubulin antibodies. Nocodazole treatment leads to a decrease of polymerized tubulin (from 86% of the total tubulin amount in control conditions to 65%) and a corresponding 2.5-fold increase of the unpolymerized tubulin pool (from 14 to 35% of the total tubulin amount) (Fig. 9E) . Nocodazole-treated cells show an immunofluorescence signal for both BDN F and TrkB localized in the cell body and in dendrites, especially in dendritic varicosities. This beaded immunofluorescence distribution is even more evident in cultures stimulated with 10 mM KC l for 10 min, in the continuous presence of nocodazole (Fig. 8C,F ) . The quantitative analysis of the fluorescent density of cell cultures pretreated for 6 hr with nocodazole shows that after 10 min stimulation in 10 mM KC l the BDNF and TrkB fluorescence density is significantly increased in the distal dendrites (1.34-fold for BDN F and 1.19-fold for TrkB) (Fig.  9B,D) . No significant increase was seen in the proximal dendrites. Thus, a local increase in the BDN F and TrkB protein amount can be triggered by a brief depolarization independently of macromolecule transport from adjacent regions.
DISCUSSION
Neurotrophins are localized to the dendritic processes of neurons, from which they can be secreted in an activity-dependent way (Blöchl and Thoenen, 1996; Goodman et al., 1996) . The BDN F-receptor TrkB is also found in dendrites (Cabelli et al., 1996; C ellerino et al., 1996) . This study investigated whether the mRNAs coding for BDN F and for its receptor TrkB are targeted to dendrites, contributing to the final destination of the corresponding proteins. Herein we demonstrated the following: (1) BDN F and TrkB mRNAs are localized to the somatodendritic compartment of cultured hippocampal neurons; (2) the KCl depolarization extends the localization of BDN F and TrkB mRNAs to the distal portion of dendrites up to their end; (3) the enhancement of the dendritic extent of BDN F and TrkB mRNAs by KCl is not secondary to an increase in mRNA synthesis; (4) the KCl effect depends on extracellular C a 2ϩ ; (5) a short KCl depolarization stimulates the synthesis of BDN F and TrkB proteins, which are accumulated in the distal portion of dendrites; and (6) this accumulation still occurs, although at lower levels, when the dendritic transport is inhibited. These results support the view that synaptic activity can regulate the amount of dendritic proteins by modulating the local translation of the corresponding mRNA (Steward, 1994 (Steward, , 1997 Schumann, 1997) . In addition, our results, together with the results obtained by others for the ARC mRNA (Lyford et al., 1995) , extend this concept by suggesting that electrical activity may also regulate the composition of the dendritic pool of mRNAs, through a modulation of their transport and /or of their half-life. The demonstration that BDNF and TrkB mRNAs are subject to this form of regulation has implications for the proposed mode of action of the encoded proteins in synaptic plasticity.
BDNF and TrkB mRNAs are widely expressed in the rat brain. Notably, the majority of the previous studies did not specifically examine the issue of the subcellular localization of these two mRNAs, because they were focused on their overall expression pattern in the brain, showing pictures at magnification too low to detect the dendrites or lacking a clear identification of the dendritic processes. Only one study reported a dendritic localization for TrkB mRNA (Ugolini et al., 1995) , and a few others were suggestive of a proximal dendritic localization of BDNF or TrkB mRNAs (Wetmore et al., , 1994 Dugich-Djordjevich et al., 1992; Schmidt-Kastner et al., 1996a,b) . Here, the application onto isolated neurons in culture of a nonradioactive in situ hybridization technique, having high resolution of the cell morphology, has allowed us to detect unequivocally the presence of BDNF and TrkB mRNAs in the dendrites. In control conditions the staining extends on average to 31.5 and 24.5 m for BDNF and TrkB mRNAs, respectively. This staining has to be considered dendritic, similar to results of the detailed study by Martone et al. (1996) showing that the ␣-Ca/Calmodulin kinase II mRNA, which is dendritic, "could be followed for a distance of 30 -40 m from the cell body," whereas the nondendritic ␤-subunit mRNA was restricted within the first 15 m. Remarkably, in our study electrical activity extends the localization of BDNF and TrkB mRNAs to almost the entire dendritic length. In agreement with this in vitro study, the mRNA for BDNF and TrkB, but not for TrkA, is dendritically localized in vivo as well (Tongiorgi et al., 1996a,b) . This may reflect a basal level of electrical stimulation of the labeled cells.
Theoretically, the KCl treatment might induce a general intracellular reorganization, attributable to cytotoxic effects. Previous studies on BDNF expression in cultured hippocampal neurons (Zafra et al., 1990 (Zafra et al., , 1992 Elliott et al., 1994 ) used a higher concentration of KCl (50 mM), with respect to our study (10 or 20 mM), for a much longer time (up to 48 hr) than in our experiments, without describing cytotoxic effects. The presence of dendritic varicosities is not a sign of cell suffering per se: in cortical neurons, cytotoxic concentrations of the glutamate analog NMDA induce a dramatic increase in the number of dendritic varicosities, but a background level of varicosities was present in control conditions as well (Faddis et al., 1997) . Furthermore, in spinal neurons, a physiological stimulation also can induce formation of varicosities (Mantyh et al., 1995) . In our experimental conditions, the minor increase in the number of cells with stained dendritic varicosities that was observed (from 3% for controls to 5% for stimulated) argues against a general cytotoxic effect of KCl. The significance of the accumulation of grains of mRNA staining in the varicosities is unclear, but it might reflect the existence of preferential sites for protein synthesis, as suggested by the accumulation of BDNF and TrkB proteins in varicosities of nocodazole-treated cells.
Electrical activity increases the extent of dendritic BDNF and TrkB mRNA localization, by and large, in a similar way. At both KCl concentrations tested, the increase of the intracellular concentration of Ca 2ϩ emerges as one of the triggering events of the cascade that modulates localization of both mRNAs. However, the regulation of TrkB mRNA localization differs from that of BDNF in some respects. First, for BDNF mRNA the effect of 10 mM KCl is stronger than that of 20 mM KCl, whereas for TrkB the two KCl concentrations have a comparable effect. Second, the increase in dendritic targeting is more rapid for TrkB than for BDN F mRNA. Third, the glutamatergic synaptic transmission seems to be more important in regulating the dendritic localization of TrkB than of BDN F mRNA. The increased localization of BDN F and TrkB mRNAs induced by depolarization is a slow process. It is not clear at present whether the limiting time step is the transport process itself [the rate of mRNA transport in the dendrites is on average 11 m/hr, (Davis et al., 1990) ] or the signal transduction processes leading to the observed phenomena. A precise analysis of the factors involved in the regulation of the localization of mRNAs is beyond the scope of the present study but is of high interest. Similar to results in our study, kainic acid-induced seizures increase the dendritic localization of ARC mRNA (Lyford et al., 1995) , suggesting that similar mechanisms also may operate in vivo. Whether the increased targeting of BDN F and TrkB mRNAs, ensuing membrane depolarization, is attributable to a stimulation of a specific transport mechanism or to an increased half-life of the two mRNAs, is at the moment an open question. In any event, the experiments with actinomycin-D demonstrate that the extension of the BDN F and TrkB mRNAs to the distal dendrites is not secondary to an mRNA synthesis stimulation by KC l.
The modulation of BDN F and TrkB protein levels was studied by using shorter KC l stimulation protocols (10 min). A consistent picture emerges from these experiments: (1) the levels of BDNF and TrkB protein in the distal dendritic regions increase as a result of KC l-induced depolarization; (2) the basal levels of BDN F and TrkB protein in control conditions are not affected by a 40 min cycloheximide incubation; and (3) the KCl-induced increase is totally inhibited by cycloheximide and thus protein synthesis dependent. The increase in distal BDN F and TrkB proteins may be caused, therefore, by an increased translation of a preexisting pool of mRNAs and /or to a reduced degradation of these proteins. The cycloheximide dependence of the observed increase argues in favor of the first possibility, i.e., a translational control. During the 10 min depolarization, the transport of BDN F or TrkB proteins from the cell body may contribute to the observed phenomenon, because the most rapid dendritic transport of newly formed proteins in rat hippocampal cells is 50 m/min (K iss et al., 1977) . However, after incubation of hippocampal cells for 6 hr with nocodazole that f ully inhibits, in a reversible manner, the dendritic transport in hippocampal neurons (Dotti and Banker, 1991; C id-Arregui et al., 1995) , a significant increase in dendritic proteins on depolarization could still be detected. Taken together, these data suggest that BDNF and TrkB protein might be synthesized in the periphery of the hippocampal neurons, after KC l depolarization. The existence of the complete machinery for protein synthesis in the dendritic compartment of neurons is now well established (Steward, 1997) . Also, the requirement for dendritic protein synthesis in synaptic plasticity phenomena has been postulated to form one of the mechanisms whereby synapse specificity of potentiated synapses is achieved (Kang and Schumann, 1996; Schumann, 1997) .
Of note is the fact that in the culture system studied, the large majority of the neurons express both BDN F and TrkB. In accordance with previous studies in vivo Miranda et al., 1993) , this has suggested the potential for an autocrine loop at the cellular level (Miranda et al., 1993) . Our results extend this concept, suggesting the theoretical possibility for local dendritic autocrine loops.
In conclusion, our data suggest that the dendritic transport and /or half-life of the BDN F and TrkB mRNAs is selectively enhanced by the electrical activity and that the mRNA localization can contribute to the local synthesis of these two proteins in response to enhanced synaptic activity.
